Background and objectives Parathyroid hormone, calcium, and phosphate have been independently associated with cardiovascular event risk. Because these parameters may be on the same causal pathway and have been proposed as quality measures, an integrated approach to estimating event risks is needed.
Introduction
Hemodialysis patients experience exaggerated risks of mortality and cardiovascular morbidity that are not fully explained by the highly prevalent, more traditional cardiovascular risk factors (1) . Numerous observational analyses suggest that disorders of bone and mineral metabolism, collectively known as CKD-mineral and bone disorder (CKD-MBD), are involved in the pathogenesis of this higher risk (2) (3) (4) (5) . These analyses typically estimate the risks associated with parathyroid hormone (PTH), calcium, and phosphate and sometimes use these results to establish the relative importance of each as a therapeutic target. Meta-analyses of these reports have further attempted to precisely identify risk thresholds for these individual parameters (6) . National and international guidelines have attempted to set target values for individual parameters in an effort to provide clinicians with ranges within which optimal outcomes can be expected (7, 8) .
Using results from these statistical models to make inferences relating CKD-MBD laboratory parameters to morbid events may have limitations. In nearly every report, statistical models estimate the effects of these parameters independently through the inclusion of the others as covariates. This process can lead to overadjustment if all, or even part, of the effect of one parameter on the risk of a clinical event is mediated through its effect on increasing or decreasing levels of another parameter included in the model (e.g., if the risk of high PTH is mediated in part through an effect on causing high phosphate) (9) . Overadjustment is of particular concern in CKD-MBD because the biologic response to changes in one of these parameters invariably affects the others (e.g., when PTH goes up, phosphate generally also goes up) (10) . Furthermore, nearly every treatment option to modify one of the parameters also influences the others simultaneously (e.g., when activated vitamin D is given to lower PTH, serum calcium and phosphate tend to increase as well) (11) . Thus, although it is tempting (and common) to attempt to estimate risks associated with each parameter individually, this resulting statistical overadjustment can obscure both biologic inter-relationships and therapeutic treatment effects. Also, because all of these parameters may be on the same causal pathway, this approach can result in bias in the observed effect estimates (12) .
One way to address this issue is to classify patients within naturally occurring CKD-MBD groups (phenotypes), and then analyze event risks according to these mutually exclusive groups. This method has the advantages of avoiding assumptions of independence among CKD-MBD parameters and incorporating any interactions and dependencies that might naturally exist or occur with treatment. This study was conducted to determine the prevalence of CKD-MBD phenotypes in hemodialysis patients and estimate their associations with mortality as well as a composite end point of cardiovascular hospitalization or death. The purpose of conducting these analyses was to advance the discussion of quality metrics for CKD-MBD.
Materials and Methods
This observational study used a combined dataset from DaVita, Inc. and the US Renal Data System (USRDS) (13) . . The 4-month interval was chosen to ensure that most patients had at least two PTH results. Patients were followed from September 1, 2005 until the earliest of the following events: the end of available data (December 31, 2006), death, transplant, or discontinuation of dialysis. Patients who had a parathyroidectomy within 12 months before baseline were excluded.
Analytic Design
A two-stage modeling approach was used to efficiently adjust for confounding caused by non-CKD-MBD risk factors. In the first stage, data from the baseline period was used to estimate the predicted probability of each outcome for each patient (14) . This probability was included in the second stage as a summary of each patients' underlying risk given the non-CKD-MBD risk factors along with the CKD-MBD phenotypes as categorical exposures. This twostage approach was used to increase statistical efficiency in estimating risks for CKD-MBD phenotypes by allowing inclusion of one summary variable in place of 34 individual covariates comprising the initial model.
Variables
Risk Factors. Patients with ESRD have unique comorbidity profiles reflecting their exaggerated risk of both death and cardiovascular hospitalization. Liu et al. (15) recently published an improved comorbidity index using the USRDS data and validated its use in hemodialysis populations for predicting both mortality and hospitalizations. We added additional clinical variables available from DaVita, Inc. that are commonly used in other studies to estimate the non-CKD-MBD risk of events. These variables included albumin, hemoglobin, body mass index, Kt/V, hypertension, smoking, and vintage.
For sensitivity analyses, the consistent vitamin D user group was defined as any patient who received vitamin D in each of the 4 months before baseline (16 (8) , and the older Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines, which recommend an upper limit of 300 pg/ml (7). The following PTH categories were used: low=0-149 pg/ml, low target=150-300 pg/ml, high target=301-600 pg/ml, and high=600+ pg/ml. Calcium was categorized into low, normal, and high using the DaVita Laboratory normal reference range (8.4-10.2 mg/dl). Phosphate was categorized into low, target, and high using 3.5-5.5 mg/dl as the target range, which consistent with KDOQI, because no specific target range was recommended by KDIGO.
For time to event analyses according to CKD-MBD exposure, we required at least 100 patients per exposure group, which meant that 407 patients (1.5% of all patients) in 14 groups were not reported in the final analyses. Results are presented for the remaining 22 CKD-MBD phenotypes representing 98.5% of the population.
Outcome Measures. Cardiovascular hospitalizations were identified using the algorithm from the USRDS annual report that requires the presence of one of the following primary diagnosis codes for the hospitalization: 394-398.99, 401-405, 410-420, 421.9, 422.90, 422.99, 423-438, and 440-459 (17) . Death was identified from the Medicare data. The composite end point was defined as the earlier event: death or cardiovascular hospitalization.
Analyses
Analysis file construction, descriptive analyses, and regression analyses were performed in SAS (version 9.3). Cox proportional hazards regression was used for assessing event risk. Predicted probabilities were estimated for each patient using the BASELINE statement in SAS PHREG.
Sensitivity analyses were conducted among all phenotypes with a sample size$500 within strata of underlying risk, which were defined by the lowest 25%, the middle 
Results
Of 45,312 patients, 27,049 patients were alive, uncensored, and receiving regularly scheduled dialysis as of August 31, 2005. Of these patients, 26,253 patients had at least one value of PTH, calcium, and phosphate in the 4-month period before baseline. There were 32 patients who had a parathyroidectomy in the 12 months before baseline, and they were excluded, leaving 26,221 patients in the final cohort. Their demographic and clinical characteristics at baseline are summarized in Table 1 .
Hazard ratios underlying the first-stage models defining the predicted probabilities of the two study outcomes (death and a composite of the first outcome of death or cardiovascular hospitalization) are provided in Supplemental Tables 1 and 2 . We observed excellent agreement between our results and the results shown in the work by Liu et al. (15) for the relative hazards of death. Strata of the predicted 16-month risk of death were strongly associated with observed mortality rates, and strata of predicted risk of the composite outcome were also strongly associated with observed mortality rates ( Table 2) . Distributions of these predicted probabilities are in Supplemental Figures  1 and 2 .
Of 36 possible CKD-MBD phenotypes, 22 phenotypes contained at least 100 patients and represented 98.5% of the sample. The largest MBD phenotype was the reference group of target low PTH, normal calcium, and target phosphate (n=5224, 20% of cohort). The second largest MBD phenotype was the group of target high PTH, normal calcium, and high phosphate (n=4117, 15.7% of cohort), whereas the third largest MBD phenotype was the phenotype of target high PTH with normal calcium and target phosphate (n=3828, 14.6% of the cohort). The top seven phenotypes all had patients in the normal calcium range, and they accounted for 79% of the population. Approximately 47% of all patients had an elevated phosphate level, 13% of patients had an elevated calcium level, 36% of patients had a PTH between 300 and 600 pg/dl, and Results reflect the 16-month predicted probability of the event for each patient from each Cox proportional hazards model using the baseline command in SAS Proc PHREG.
18% of patients had a PTH over 600 pg/dl. The sizes of all the possible CKD-MBD phenotypes are given in Figure 1 . After controlling for the background risk of death or the composite end point, the results showed that many categories of CKD-MBD exposure were associated with higher risk of events compared with the reference group of target low PTH, normal calcium, and target phosphate, particularly in the model of the composite end point. The results of the models are presented in Figure 2 . The six statistically significant (P,0.05) increases in the relative risk of death ranged from 15% to 47%. For risks of the composite end point, the 10 statistically significant risk increases ranged from 8% to 55%.
Several phenotypes showed notable increases in the risk of both death and the composite end point. Five of eight phenotypes with high calcium were associated with a higher risk of both end points, with only those phenotypes having low or target low PTH not being associated with higher risk of each outcome. Similarly, 5 of 11 phenotypes with target high or high PTH were associated with higher mortality, whereas 7 of 11 phenotypes were associated with a higher risk of the composite end point. Other than the reference group, the three largest phenotypes all had significantly elevated hazards of the composite end point, and together, they accounted for more than 40% of all patients (and 50% of all out-of-target patients). These phenotypes were high PTH, normal calcium, and high phosphate; target high PTH, normal calcium, and high phosphate; and target high PTH, normal calcium, and target phosphate.
In a sensitivity analysis, notable differences in the associations between MBD phenotypes and the relative risk of death were observed (Table 3) within different risk groups defined by the background risk of each event.
CKD-MBD phenotypes were not clearly associated with higher risk of death among those patients at the lowest and highest levels of predicted risk based on the baseline comorbidity model. For the 50% of patients at intermediate risk of death, phenotypes associated with death were similar to those phenotypes seen in the total sample as described above. Among those patients at intermediate risk of death, two phenotypes very common in the overall cohort (greater than 25% of subjects) were associated with a substantially higher risk of death (31%-58%). These phenotypes were the target high PTH, normal calcium, and target phosphate and high PTH, normal calcium, and high phosphate. For the composite end point that included cardiovascular hospitalization, CKD-MBD phenotypes showed consistent associations with higher risk, regardless of the quartile of baseline risk.
Stratifying patients into groups defined by nonconsistent and consistent use of active vitamin D did not substantively alter the relationships between phenotype and clinical outcome.
Discussion
Our results confirm a substantial association of CKD-MBD with the underlying risk of death and cardiovascular hospitalization among patients receiving hemodialysis. Unlike most previous work, we have specifically not attempted to assess the independent effect of any single parameter on these important outcomes, because it is our belief that such analyses are likely to be influenced by overadjustment bias and may not reflect the known pathophysiology of CKD-MBD. The inter-relationships among the biologic variables of PTH, calcium, and phosphate are such that changes in any one of these variables, whether de novo or with treatment, invariably affect the others, and as such, the variables are almost certain to share common elements on the causal pathway to adverse outcomes. Using statistical adjustment for each variable to identify target values for any single parameter is, thus, likely to result in inaccurate estimates of risk and reflect potentially biologically implausible combinations of biochemical parameters. By using naturally occurring groups of patients (i.e., CKD-MBD phenotypes) and estimating incremental risk from a well defined baseline risk of events, we may more accurately estimate the effect of CKD-MBD on outcomes.
To define CKD-MBD phenotypes, it was necessary to establish a target range for each variable. We chose to use thresholds that reflected both KDOQI and KDIGO guideline recommendations; however, the levels chosen are not meant to suggest that these levels are optimal levels. Indeed, future analyses might consider data-driven thresholds to define higher risk, and it would be reasonable for such analyses to consider physiologic normal ranges. It is likely, for some variables, that there is variation in risk within the category. However, to design our analyses to take full advantage of the naturally occurring phenotypes, these tradeoffs were required.
It was not our goal to define a precise relative risk associated with each phenotype; rather, we attempted to estimate the additional contribution of CKD-MBD beyond the background risk for well defined clinical end points. It is notable that only 20% of patients were our reference population (PTH=150-300 pg/dl, normal serum calcium, and phosphate=3.5-5.5 mg/dl), whereas 80% of patients were uncontrolled in some way. Even with a broader PTH target that extends to 600 pg/dl, only 35% of patients were in a guideline-based target range.
There are many phenotypes of abnormal PTH, calcium, and phosphate, each with its own risk of death and cardiovascular hospitalization. To improve the quality of dialysis care, it is important to consider not only the risk associated with each phenotype, but also the number of patients exposed to the risk. Based on these analyses, using guideline-based target values, approximately 20% of patients are well controlled. We observed a large concentration of patients in three groups with elevated risk (high PTH, target calcium, and high phosphate; target high PTH, target calcium, and high phosphate; and target high PTH, target calcium, and target phosphate). It is notable that two of these groups involve both elevated PTH and phosphate. Improving outcomes for just these groups, which account for more than one half of the 80% of patients out of our target range, could have a substantial population-level impact. Figure 2 . | Hazard ratios (HRs) of death and the composite end point by CKD-mineral and bone disorder phenotype. The reference group is the target low PTH (PTH 150-300 pg/ml), target serum calcium (8.2-10.2 mg/dl), and target serum phosphate (3.5-5.5 mg/dl). Whiskers depict the 95% confidence intervals (95% CIs). Ca, calcium; P, phosphate; PTH, parathyroid hormone.
We find it of interest that those phenotypes with high calcium and PTH.300 pg/ml consistently had a higher risk of death or the composite end point of death or cardiovascular hospitalization. This finding may suggest that these phenotypes are of particular concern and that analyses using naturally occurring groups may be more useful in defining quality care in this clinical arena. We strongly believe that analyses (or meta-analyses of analyses) that attempt to identify target values for individual biochemical parameters of CKD-MBD should not be used for establishing quality metrics given the biologic interdependencies among these parameters that occur naturally as well as with treatment.
In the United States, the inclusion of oral phosphate binders and calcimimetics into the bundled payment system will represent a profound shift in the economics of therapy for CKD-MBD (18) . There is an urgent need to develop quality metrics that reflect overall care in CKD-MBD to protect the quality of health care delivered to Medicare beneficiaries. One potentially important contribution of this work may be that the paradigm of CKD-MBD phenotypes can be used to identify quality care and discriminate among facilities and among dialysis providers over time. Regardless of the specific thresholds chosen to define the CKD-MBD phenotypes, the characterization of high-risk patterns of PTH, calcium, and phosphate can help to identify populations at higher risk of adverse outcomes and their overall contribution to mortality in dialysis patients.
It has previously been shown using a much simpler classification system that CKD-MBD may account for as much as 20% of the overall mortality risk in hemodialysis patients (5) . A better approach may be to estimate the contribution of each category of CKD-MBD phenotype to the overall risk of death and/or cardiovascular hospitalization by integrating the size of the population with the magnitude of the risk. Our finding that the CKD-MBD phenotype has prognostic importance for all patients, including those patients at the lowest and highest risks of the composite end point (but not the mortality end point), further clarifies the most vulnerable populations. In addition, the consistent relationships among CKD-MBD phenotypes and the composite end point support the hypothesized causal pathway of disturbed mineral metabolism. This finding strongly suggests that economic analyses incorporating cardiovascular events should be considered when evaluating the overall impact of the inclusion of CKD-MBD medications into the bundled payment system. Our analysis has several important limitations. We have studied a prevalent cohort of only hemodialysis patients who were, by design, required to survive a 12-month baseline period. However, similar analyses conducted by Liu et al. (15) have showed the effectiveness of the comorbidity index in predicting death and hospitalization using the same administrative dataset in both incident and prevalent patients (16) . In addition, we have arbitrarily defined thresholds to take advantage of the naturally occurring groupings of PTH, calcium, and phosphate. It is likely that the risk within each category is not homogenous; however, this tradeoff is necessary to take advantage of biologically occurring groups. As a result, some of our phenotypes have very small sample sizes, and the significance may be underestimated as a result. Studies with larger sample sizes may help to clarify the risks associated with the smaller groups. There is likely to be some selection bias in these results (that is, patients in the reference group may also reflect better overall care or fewer highrisk behaviors in ways that are not captured by our covariates). Finally, there may be effect modification from the use of vitamin D, cinacalcet, or phosphate binders (i.e., the risk in a category may depend on the therapy received). Future work may wish to explore such effect modification within some of the larger phenotypes.
Future research should focus on several areas. First, although the current targets are based on current clinical practice guidelines, the evaluation of other target ranges may be helpful, particularly for calcium, because most patients were within the normal range. Second, the phenotypes might be reduced to a smaller set of homogeneous groups that are more amenable to quality guidelines by collapsing groups according to either similar risk or similar phenotype. The use of a net reclassification index may be useful in assessing such reclassification schemes. Third, the prevalence of the resulting groups should be compared across facilities to evaluate variations in practice patterns and outcomes.
In summary, we have presented a novel method for establishing the important contribution of CKD-MBD to mortality and cardiovascular hospitalization. Using naturally occurring groups of CKD-MBD parameters, we have shown that many specific phenotypes, particularly those phenotypes with high calcium and PTH.300 pg/dl, are consistently associated with a higher risk of these events.
We suggest that characterization of patients in this manner may be one method to begin developing clinically relevant metrics to assess the overall quality of CKD-MBD care in hemodialysis patients.
